Abstract -The objective of this work was to evaluate root and water distribution in irrigated banana (Musa sp.), in order to determine the water application efficiency for different drip irrigation emitter patterns. Three drip emitter patterns were studied: two 4-L h -1 emitters per plant (T1), four 4-L h -1 emitters per plant (T2), and five 4-L h -1 emitters per plant (T3). The emitters were placed in a lateral line. In the treatment T3, the emitters formed a continuous strip. The cultivated area used was planted with banana cultivar BRS Tropical, with a 3-m spacing between rows and a 2.5-m spacing between plants. Soil moisture and root length data were collected during the first production cycle at five radial distances and depths, in a 0.20x0.20 m vertical grid. The experiment was carried out in a sandy clay loam Xanthic Hapludox. Soil moisture data were collected every 10 min for a period of five days using TDR probes. Water application efficiency was of 83, 88 and 92% for the systems with two, four and five emitters per plant, respectively. It was verified that an increase in the number of emitters in the lateral line promoted better root distribution, higher water extraction, and less deep percolation losses.
Introduction
Banana is the most consumed (30 kg per habitant) and the second most produced fruit in Brazil (Anuário Brasileiro de Fruticultura, 2008) . Despite these attributes, there still exist large technical issues to be solved concerning banana irrigation. The crop is sensitive to water stress and irrigation is necessary to provide suitable soil water content during banana's entire production cycle (Coelho et al., 2005) . Water stress during flowering and fruit growth might be one of the main reasons for low average yield (14.1 Mg ha -1 ) of banana in Brazil (Food and Agriculture Organization of the United Nations, 2007) . Water use efficiency should be evaluated along with irrigation, since globally irrigated agriculture demands about 2,500 km³ of water per year, which is much greater than industrial (around 117 km³) or domestic uses (64.5 km³) (Sophocleous, 2004) .
The causes for low efficiency of water use in agriculture are numerous, complex and involve engineering, environmental, biological, social, and economical factors (Hsiao et al., 2007) . Difficulties in determining some parameters, such as deep percolation losses, water potential gradients, and unsaturated soil hydraulic conductivity (Rogers et al., 1997) are limitations in calculating water application efficiency (E w ).
Time domain reflectometry (TDR) measurements of soil water content have become a standard for studies that involve temporal and spatial water processes in soils, mainly due to their accuracy and automation (Heimovaara et al., 2004) . They have commonly been used by many authors (Mmolawa & Or, 2000; Heimovaara et al., 2004; Ritter et al., 2005) for water balance calculations in porous media.
The objective of this work was to evaluate root and water distributions in irrigated banana (Musa sp.), in order to determine the water application efficiency for different drip emitter patterns.
Materials and Methods
The work was carried out at Embrapa Mandioca e Fruticultura Tropical, in Cruz das Almas, BA, Brazil (12º48'S; 39º06'W; 225 m altitude). The area has an average annual rainfall rate of 1,143 mm. A cultivated area with banana (Musa sp.) cultivar BRS Tropical in a 3x2.5-m spacing was used. Data were collected for five days during the first cycle of production in January 2006. The experiment was carried out in a sandy clay loam soil classified as Latossolo Amarelo (Xanthic Hapludox), whose physical characteristics (Claessen, 1997) are shown in Table 1 .
Three different drip emitter patterns were studied: two 4-L h -1 emitters per plant (T1), four 4-L h -1 emitters per plant (T2), and five 4-L h -1 emitters per plant (T3), all placed in a lateral line. Treatment T3 formed a continuous strip of emitters. The experimental plots had ten plants, but the data acquisition system was installed around a single one due to limitations of the equipment in terms of number of multiplexers. The water volume applied per plant was the same in all treatments, based on the wetted area (Keller & Bliesner, 1990 ) and on crop evapotranspiration considering crop coefficients suggested by Doorembos & Kassam (1994) . The irrigation was carried out daily, during the five days of the data collection period. Cultivation was done by conventional means and followed the soil fertilization recommended by Cordeiro et al. (2000) . Nitrogen, potassium, and phosphorus were applied weekly by fertigation.
The soil moisture was monitored at five radial distances (r) and depths (z), in a 0.20x0.20 m vertical grid measured from the plant and following its row direction. Time domain reflectometry (TDR) probes were installed horizontally in several points of the grid.
The TDR probes with three 0.1-m long rods were made at Laboratório de Irrigação e Fertirrigação, at Embrapa Mandioca e Fruticultura Tropical, and calibrated according to the equation θ = 6.438e 3 -5.5246e 2 + 2.0373e -0.0745, in which θ is the volumetric soil moisture and e is the soil dielectric constant.
During the installation of the TDR probes, 500 cm 3 soil samples with roots were removed from the soil profile following the same installation grid of the TDR probes for determining the crop's root distribution. The roots were separated from the soil by washing (Bohm, 1979) and were digitized by scanning (Coelho et al., 2005) . The root length (Lr) was obtained using the software Rootedge (Kaspar & Ewing, 1997) . The effective root depth and distance were established as those at the border of the root zone with at least 80% of the total root length. Soil moisture readings started 30 days after probe installation, which was the necessary time for the soil to stabilize the moisturization. Soil moisture data were collected every ten minutes for a period of five days. The TDR probes used a data acquisition system composed of TDR 100 equipment and a CR10X datalogger. The infiltrated water depth (LTI) after irrigation and the extraction water depth (LTE) from the system were computed based on soil water content data measured at specific times: (k) immediately before the irrigation, (k+1) when soil water content reached its maximum value at shallow locations (r i , z j ) and the wetting front reached the depth of 0.9 m, and (k+2) at the time of the next irrigation ( Figure 1 ). Once these times were defined, the difference between the soil water content data after irrigation (θ k+1 ) and before irrigation (θ k ) allowed the determination of the water depth infiltrated over time (k+1) 
where: LTI is the infiltrated water depth at each r i ; θ k+1 (Z) is the soil water content after irrigation at each r i ; and θ k (Z) is the soil water content before irrigation at each r i .
The average infiltrated water depth in a control volume of the banana root zone was determined using , where: LTI m is the total average infiltrated water depth; LTI is the infiltrated water depth in each r i ; and i is the index standing for the number of horizontal distances from the plant.
The difference between the soil water content values measured after the irrigation (k+1) and before the next irrigation (k+2) in a grid point (r i , z j ) allowed the extracted water depth to be determined at each point:
, where: LTE is the extracted water depth in each r i grid position; θ k+1 (Z) is the soil water content after irrigation in each r i grid position, and θ k+2 (Z) is the soil moisture before next irrigation in each r i grid position.
The total average water depth extracted was obtained according to .
The measured plant root distribution was used to define the root effective depth as the depth at which 80% of the total roots were concentrated. Losses by deep percolation were calculated for each point (r i , z j ) located below the root effective depth:
, where: q = (θ -θ/t)(V/A), V is the soil volume corresponding to the probe insertion in the soil (0.2x0.2x0.10 m), A is the section area in relation to the probe insertion in the soil (0.2x0.2 m), t is the time interval (1 hour), q is the water volume which passes through the unit area A in 1-hour time, θ is the soil water content at (r i , z j ) at time k, and θ' is the soil water content at (r i , z j ) at time k+1.
In this sense, losses by deep percolation in the soil profile were obtained by
. The values of DP m at different times after the beginning of irrigation (AI) for T1, T2 and T3 were compared by t test (LSD) at 5% probability. The average water application efficiency (E a ) was: E a = (LTE m -DP m )/LTI m .
Results and Discussion
The effective root depth and distance observed in treatment T1 were 0.5 and 0.6 m, respectively. These values were a little larger for treatment T2, with an effective depth and distance of 0.65 and 0.70 m, respectively. For T3, the effective root depth and distance were 0.35 and 0.75 m, respectively. These results are in agreement with Garcia (2000) , Ramos (2001) and Borges et al. (2008) . Eighty percent of the total water extracted by the roots took place at a zone limited by r = 0.25 m and z = 0.40 m, for T1. In T2, root activity was extended in the soil profile compared to T1, and about 80% of the water extraction occurred in the zone limited by r = 0.50 m and z = 0.35 m. In T3, this zone was limited by r = 0.55 m and z = 0.35 m. As observed by Andreu et al. (1997) , the zones of water extraction were influenced by the placement of emitters around the plant. The increase in the number of emitters was followed by an increase of effective distance of the plants' water extraction zone. Moreover, the effective distances and depths of water extraction zones of roots were smaller than the effective root distances and 
depths. This result is in agreement with Green et al. (2006) and should be considered in irrigation schedules that use soil water sensors, since the effective zones of water extraction are commonly indicated for sensor placement in the field (Coelho et al., 2007) . The variations of available soil water ( Figure 2 ) were more intense in the area limited by the dashed lines, in all treatments. The zones of water extraction showed larger soil-available water at time (J+1), what is in accordance with the results obtained by Coelho & Or (1999) and Santos et al. (2005) .
Most of the water extraction occurred at radial distances of 0 to 0.6 m in T1, and 81.2% of the total root length was found in this region (Figure 3) . Most of the soil water distribution took place near the pseudostem and did not extend beyond a radial distance (r) of 0.6 m for T1. This is consistent with the emitter placement at 0.2 m from the plant. Most of the deep percolation (2.82 mm) occurred at a radial distance of 0.2 m from the pseudostem. The average deep percolation (DP m ) observed for this treatment was 1.36 mm (Figure 4 ). The emitter location had strong influence on water extraction and root distribution in the wetted volume in T1. This result is in agreement with several studies that involved root and water distribution under drip irrigation systems (Coelho & Or, 1999; Santos et al., 2005; Silva et al., 2006) . The water application efficiency (Ea) for T1 was 82.7%.
In T2, a different distribution of roots in the soil profile around the pseudostem was observed (Figure 3) . Roots and water distribution in T2 extended to a larger y = 111. horizontal distance in the soil profile when compared to T1. The deep percolation losses were 18.4% smaller than the ones obtained in T1 (Figure 4) . As a consequence, water application efficiency increased to 88.1%. There were deep percolation losses in all evaluated systems. The average values of percolated water depth at different times after the beginning of irrigation (AI) for T1, T2 and T3 are in Table 2 . Values of percolated water depth varied significantly according to the configuration of the irrigation system during the first hour after the beginning of irrigation (AI), and no significant difference among the average values of percolated water depth was verified during Table 2 . Mean values of percolated water depth (mm) at different times after the beginning of irrigation (1) .
the period between 1 to 14 hours after the beginning of irrigation. The average deep percolation in T3 was 52.5 and 41.8% smaller than the ones observed in T1 and T2, respectively. The water distribution pattern caused by the configuration of five emitters resulted in a good root distribution with water extraction occurring at all wetted volume under the plant (Figure 3) . These results emphasize the assertion that the soil water distribution constitutes a decisive variable in the distribution of roots in the soil profile under drip irrigation, which is in agreement with Clothier & Green (1994) and Coelho et al. (2002) . Additional emitters and the resulting water distribution also influence the water application efficiency of an irrigation system. The average water application efficiency (E a ) of T3 was the largest among the three studied systems: 92.5%.
Conclusions
1. The number and placement of drip emitters significantly affect root and water distribution patterns in banana.
2. An increase in the number of the emitters in lateral lines promotes larger root zone distribution, larger water extraction, smaller losses by percolation flow, and larger water application efficiency.
